ABSTRACT: Habitat loss leads to a reduction in number of remnant habitats in continuous landscapes and inevitably leads to increased distances between habitats. We tested the independent and interactive effects of habitat number (number of suitable habitats per unit area) and habitat proximity (distance between these habitats) on assemblages of invertebrates associated with kelp holdfasts (Ecklonia radiata). We tested whether these kinds of habitat modifications have disproportionate effects on rare taxa. Loss and fragmentation of habitat did not operate independently. Patterns of diversity responded markedly to decreases in number of habitats, but this effect was reduced when neighbouring habitats were proximate rather than distant. Rare rather than common taxa primarily responded to these varying aspects of fragmentation. Results highlight the importance of considering the number of suitable habitats in an area (habitat number) when testing the influence of their isolation (habitat proximity) on biodiversity in fragmented landscapes. Awareness that number and proximity of patches are not independent at local scales may provide insights needed to predict the effects of habitat fragmentation on biodiversity, particularly on components of assemblages that tend to be rare.
INTRODUCTION
The fragmentation of habitat and concomitant loss of biodiversity is of major concern to ecologists who seek better ways of managing activities of human expansion. 'Habitat fragmentation' is often defined as an increase in distance among habitable patches (habitat proximity) and/or a reduction in the number of remnant habitats (habitat number); (reviews: Andrén 1994 , Zuidema et al. 1996 . Two paradigms dominate current research, the species-area relationship and the speciesisolation relationship (McArthur & Wilson 1967 , Hanski 1994 . Greater rates of extinction occur in landscapes with fewer, or smaller patches that constrain the total inhabitable area and numbers of individuals critical to sustain breeding (Simberloff 2000) . Rates of colonisation to distant patches of habitat may decrease because dispersal is diminished by increased risks associated with travelling larger distances through relatively inhospitable areas (Johnson et al. 1992) . Small populations are more likely to become extinct (review: Gilpin & Soulé 1986), hence rare species, either because they occupy a small number of habitats or because they make up a small proportion of total abundance among habitats, are likely to be sensitive to the adverse effects of modification of habitat.
The loss of habitat (decrease in number of remnant habitats) inevitably leads to an increase in distance between habitats within a landscape. Although the term 'habitat fragmentation' is often used to imply both of these processes, few have attempted to separate their effects (Fahrig 1998 , Trzcinski et al. 1999 . The realisation that isolation and number of habitats must be negatively correlated at some scale provides no conceptual difficulty, but ecologically, dispersive and/or sessile animals may respond very differently to these 2 aspects of modification of habitat (Kareiva 1983 , Kunin 1997 .
We tested the independent and interactive effects of habitat number (number of suitable habitats per unit area) and habitat proximity (distance between these habitats) on assemblages of invertebrates associated with kelp holdfasts (Ecklonia radiata). We specifically tested whether rare taxa (taxa that occur in low abundance and frequency among habitats) are disproportionately affected. The system we used to provide this assessment was the speciose assemblage of marine invertebrates associated with holdfasts of monospecific forests of the macroalgae Ecklonia radiata. Holdfasts are habitat for a diverse assemblage of mobile and sessile invertebrates (up to 386 species from 152 families and 10 phyla within ~250 holdfasts, Smith et al. 1996) and such speciose assemblages tend to have a high proportion of rare species (Gaston 1994) .
Each holdfast forms a discrete unit of habitat surrounded by relatively barren substratum (Melville & Connell 2001) forming effective patches of habitat needed to test hypotheses about isolation of habitats (Hanski 1994) . There has been some disquiet about definitions of what constitutes a patch, but most agree that an effective patch is an area of habitat surrounded by areas of non-habitat (Hanski 1999) . Non-habitat (e.g. the matrix of bare substratum between holdfasts in kelp forests) provides resistance to migrating animals (Fahrig & Merriam 1994 , Ricketts 2001 , isolating animals to patches of elevated resources (e.g. food, shelter, space). This use of small individuals (e.g. marine invertebrates) in small-scale experiments can provide useful insights into the responses of natural assemblages to modification of habitat (Wiens & Milne 1989 , Underwood & Skilleter 1996 and confer cost and time advantages since smaller individuals often respond faster to habitat modification (Roff 1992) .
MATERIALS AND METHODS
Forests with numerous or few habitats at their edges and centres. We sampled invertebrate assemblages from holdfasts of Ecklonia radiata which form monospecific stands of macroalgae (hereafter referred to as 'forests') to test whether the position of holdfasts to edges of forests and number of habitats within forests affected diversity and should be considered experimentally. This preliminary work was done in the belief that experimental tests require reference to the natural world so that there is some biological basis for the interpretation of experimental outcomes (Underwood et al. 2000) .
Assemblages of invertebrates from the holdfasts of Ecklonia radiata were collected during March 2000 (Austral autumn) at a depth of 3 to 6 m within 2 sites (> 50 m apart) at Edithburgh, South Australia (35°5' S, 137°45' E). At each site, 2 positions within a forest were sampled; 'edges' of forest, quadrats of contiguous forest directly adjacent to areas devoid of E. radiata (e.g. sandy substrate); and 'centres' of forest, quadrats at least 1 m away from an edge. Experimental tests have shown that high and low densities of E. radiata within 1 m 2 cause considerable differences to the ecology of understorey species of algae (Melville & Connell 2001) . Hence, numbers of E. radiata (holdfasts) within quadrats were counted and defined as either 'few' (1 to 5 plants m -2 ) or 'numerous' (> 5 plants m -2 ). Holdfasts were sampled in orthogonal fashion such that forests with few or numerous E. radiata were sampled at their edges and centres (n = 6) at each of 2 sites (n = 48 holdfasts in total).
Manipulation of number and proximity of habitats. In June 2000 (Austral winter) we independently manipulated the number of holdfasts m -2 (habitats) and the distances between holdfasts (habitats) in an orthogonal configuration. This manipulation provided 4 combinations of each factor (2 number × 2 proximity) with 6 replicate holdfasts (Fig. 1) . Forests with naturally numerous habitats were thinned to have few habitats by haphazard removal of plants. Proximity was manipulated by removing all neighbouring plants within <10 cm (treatment = proximate) to > 20 cm (treatment = distal) from an experimental plant (Fig. 1) . These proximities represented the natural range of distances among holdfasts in forests at these sites (3 to 18 cm and ) from which habitats were cleared to create these configurations. The area outside each square represents natural (untouched) forests 21 to 45 cm). A large number of marine invertebrates disperse over regional distances (Eckman 1996) but this study tests whether local variation in spatial arrangements of habitats can influence biodiversity.
Artefacts associated with the experimental removal of kelp were evaluated by testing for differences between disturbed forests (thinned) and undisturbed forests (natural) of the equivalent density (see Underwood 1986 on the logic of testing for experimental artefacts). We compared samples from forests with naturally few habitats to those that had been thinned to have few habitats and compared forests with naturally numerous habitats to forests from which some holdfasts were removed but numerous habitats still remained. Any differences between these controls and the treatments would indicate an effect of the manipulations (removal of kelp) that is not associated with the quantity or proximity of holdfasts. The experiment was run for 2 mo, a much greater time than is required for large changes in such invertebrate assemblages, which can occur within days (e.g. Gunnill 1982 , Bell & Hicks 1991 .
Sampling methods. Holdfasts were removed for sampling by cutting the stipe at the base of the laminae and sealing an open plastic bag around the stipe and holdfast. The holdfast was levered off the substratum into the bag with a dive knife and the bag was quickly closed over the holdfast. Holdfasts were stored in 10% formalin/seawater solution and then the haptera of each holdfast was dissected and the contents of the holdfast sieved through a 1 mm sieve to separate the fauna. Where possible, animals were identified to species and specimens were stored in 90% alcohol and kept as a specimen library. Because the volume of holdfasts is known to influence biodiversity (Smith et al. 1996) , holdfasts of similar size were collected and these did not differ among treatments (Site, Position, Number and Proximity) nor were there interactions between these experimental factors (ANOVA: p > 0.05).
Analytical methods. Two-way NP-MANOVA (Anderson 2001) on Bray-Curtis distances (Faith et al. 1987 ) of fourth root transformed data (Clarke 1993) tested the relative and interactive (1) associations between number (numerous vs few) and position (edge vs centre) of habitats and (2) experimental effects of number (numerous vs few) and proximity (distant vs proximate) of habitat. Analyses were done (1) for each 'Site' and treated 'Position' and 'Number' as fixed and orthogonal to each other and (2) and treated 'Proximity' as fixed and orthogonal to the fixed factor 'Number'. A constrained ordination (Canonical discriminant analysis; Legendre 1990 ) was used to provide a visual assessment of the effects of experimental treatments on patterns of diversity. Group differences were not apparent in nMDS plots (stress > 0.20; Clarke 1993), possibly because of the highly dimensional nature of the data (i.e. large number of taxa).
To test the hypothesis that rare rather than common species are primarily affected by the experimental modification of habitat we repeated the multivariate analysis of fourth root transformed data on rare and common taxa separately. If rare rather than common taxa primarily contributed to multivariate patterns observed for the whole assemblage, these additional analyses should detect the same patterns for rare but not common taxa. We defined 'rare' as taxa that occurred in low frequency (present in < 20% the experimental holdfasts) and low relative abundance (contributed to <1% of the total number of individuals). We defined 'common' as taxa that occurred in high frequency (present in > 50% of the experimental holdfasts) and high relative abundance (contributed to >1% of the total number of individuals). These cut offs were based on comparisons among the 81 experimental taxa (see results).
Definitions of rarity and commonness are necessarily arbitrary (Gaston 1994) . Without applying arbitrary cut-offs, we used transformations (presence/absence, fourth root and untransformed data) to provide an additional test of the contribution of rare taxa to experimental effects. Presence/absence transformation is thought of as the ultimate transformation in downweighting the effects of common taxa (Clarke & Warwick 1994) . However, taxa that appear in all samples (an aspect of commonness) cannot discriminate between treatments, and thus do not contribute to multivariate patterns of presence/absence datasets. Only taxa that are patchy, those absent from some samples (an aspect of rarity), can discriminate between treatments of the same analysis. Hence, this aspect of rarity (absence from some samples rather than relative abundance among samples) is emphasised by our use of presence/absence. Fourth root transformations reduce the effects of numerically large values (i.e. abundant taxa), thereby increasing the contribution of rare taxa to measures of dissimilarity (Clarke 1993) . This transformation has become somewhat of a standard in ecological tests because it focuses attention on patterns within the whole assemblage rather than on the most abundant taxa of the assemblage. For these reasons, we used fourth root transformation when testing the effects of treatments on rare and common taxa. Furthermore, comparison of fourth-root transformed with untransformed data of the whole assemblage was used to indicate the effect of treatments on taxa whose abundance is disproportionately large.
Univariate ANOVA was used to test whether the number of species differed among positions, quantities and sites. 'Site' was treated as a random factor and orthogonal to the fixed factors 'Number' and 'Position'. ANOVA was also used to test for differences among and within quantities and proximities where both factors were treated as fixed and orthogonal to each other.
RESULTS

Forests with numerous or few habitats at their edges and centres
The number of habitats had significant effects on the presence/absence of taxa and their relative abundances when analyses provided for a reduced influence of abundant taxa (fourth root transformation), but not when analyses reduced their influence (no transform, Table 1 ). These results appear robust given that these effects were detected at each of 2 sites. No significant difference in these multivariate measures was detected between edges and centres of kelp forests (Table 1) .
There were more species in forests with numerous habitats than in those with few ( Fig. 2 : Table 2 and SNK tests). No particular taxon appeared to be consistently present in forests with numerous habitats and absent from forest with few habitats. The invertebrate assemblage was extremely diverse with on average 170 individuals and 53 taxa from at least 30 families within holdfasts sampled from forests with numerous habitats. Within forests with few habitats there were, on average, 144 individuals and 48 taxa from at least 28 families.
Experimental effects of number and proximity of habitats
A significant interaction between 'number' and 'proximity' was detected for (1) species composition (presence/absence; p = 0.017) and (2) their relative abundance (fourth root transformation; p = 0.027; Fig. 3 , Table 3 ). The distances between habitats only affected measures of diversity (composition, relative abundance) when forests had few rather than many habitats. Importantly, reducing the number of habitats only affected biodiversity when habitats were distant, rather then proximate. Taken with the initial description of patterns of biodiversity, it appears that areas with few habitats have large effects on taxa, particularly if habitats are distant. ) habitat patches at their centres and edges at each of 2 sites (n = 6 habitats treatment None of these effects were detected when the contribution of abundant species was not reduced (no transformation) in the calculation of Bray-Curtis measures of dissimilarity (Table 3 ) or in the analysis of common taxa (NP-MANOVA on interaction term: F 1, 20; p > 0.05). Analysis of rare taxa, however, revealed the same multivariate patterns detected for the whole assemblage (NP-MANOVA on interaction term: F 1, 20; p < 0.05 and pairwise tests). Methods used to define 'rare' and 'common' are seldom explained, probably because such definitions tend to be arbitrary and specific to the assemblage from which it was defined (Gaston 1994) . Our study offers no exception. The experimental assemblage comprised of 1668 individuals from 81 taxa for which the most abundant taxon contributed 10% to total abundance (164 of 1668 individuals). Hence, commonly used cut offs to define rarity (e.g. < 5 to 10% of total abundance) were not useful to characterise rarity in our specious assemblage. Of the 81 taxa, we were able to repeatedly assign 40 taxa as rare and 22 taxa that were common, but 19 did not clearly fit into either category and were omitted from ancillary analyses of rare and common taxa.
Univariate ANOVA failed to detect any differences between the number of species between treatments (F 1, 20 = 0.03, p > 0.05), which suggests that changes in composition rather than number of taxa accounts for most of the variation observed.
Comparison of forests with naturally few habitats to thinned forests failed to detect any artefacts associated with the experimental removal of kelp for each type of transformation (NP-MANOVA: F 1, 20; p > 0.05). Similar comparison of disturbance within forests with numerous habitats also failed to detect differences in these measures (NP-MANOVA: F 1, 20; p > 0.05). These comparisons test the effects of thinning (disturbance) because the only difference between treatments is the application of disturbance. Because we did not detect such differences, our experimental effects reflect the intended effect of each treatment rather than artefacts associated with disturbances of thinning.
DISCUSSION
Our results highlight the importance of considering the number of suitable habitat patches in an area (habitat number) when testing the influence of habitat isolation on biodiversity. Patterns of diversity showed a marked response to reductions in quantity of habitats (patches), yet this was mediated when neighbouring habitats were proximate. This study is one of the few attempts to separate the effects of habitat loss (number of habitats) and habitat fragmentation (proximity of habitats) in independent manipulations of natural assemblages. Recent studies have suggested that loss of habitat has a greater influence on population dynamics relative to habitat fragmentation (break up of continuous habitat) which only affects abundances in landscapes with a small amount of habitat (Andrén 1994 , Fahrig 1998 , Trzcinski et al. 1999 . Our results support generalisations that habitat proximity is important in areas with few rather than 41 Fig. 3 . Canonical ordination of diversity in forests with j = numerous, distal habitats; h = numerous, proximate habitats; m = few, distal habitats; n = few, proximate habitats Table 3 . (a) NP-MANOVA testing the effects of habitat patch number (numerous vs few) and proximity (proximate vs distant). Transformations gave equal weight to rare through common taxa (presence/absence), slightly greater weight to common/abundant taxa (fourth root) and substantial weight to common/abundant taxa (no transformation). (b) Pairwise tests are provided beneath significant interaction terms. *p < 0.05 many habitats, but warn that loss and isolation of habitat do not always operate independently of each other, because the effects of loss (i.e. the remaining number) can be mitigated by proximity of neighbouring habitats. The responses we detected most likely stem from changes in the rates of movement of individuals among patches (habitats), rather than demographic change. We speculate that areas with few and distant habitats will accelerate population change because of the combination of a reduced capacity to disperse to neighbouring habitats (associated with their proximity) and fewer chances of finding new habitats (associated with their number). Loss of taxa occupying distant habitats will not be as severe, if there are numerous surrounding habitats (as related to greater total area) providing greater opportunities for dispersal (and breeding). Predictions about animal movement from patterns of distribution may be possible (Crowe 1996) , and a useful topic for future research would be to test predictions about the rate of colonisation of invertebrates in such spatial arrangements of habitat.
Rare species were strongly affected by the spatial configuration of habitats, more so than were common and abundant species. The effects of habitat fragmentation were only detected in analyses from which common species were omitted and in analyses that gave equal or near more weight to rare and common taxa. That is, taxa that occurred in small frequencies among habitats (i.e. number of habitats with taxon present) and small relative abundance (i.e. number relative to total number of taxa) were primarily responsible for causing these differences to be detected. While there are many definitions of rarity and methods used to identify rare species (Gaston 1994) our analyses are persuasive. Without applying arbitrary cut-offs, multivariate analyses reveal that transformations that gave equal weight to rare and common species (presence/ absence) detected strong affects of fragmentation, but this effect was weakened (fourth root transformation) and obliterated (no transformation) when the contribution of common taxa was increased.
Our use of transformations to assess whether rare species were disproportionately affected by the experimental treatments is unlikely to be useful for multivariate tests of all assemblages and certainly does not address all aspects of rarity. Presence/absence transformations, for example, may provide tests of rarity for assemblages containing taxa frequently absent from samples (one aspect of rarity) because taxa that appear in all samples (one aspect of commonness) cannot discriminate between treatments. The arbitrary classification of taxa as 'rare' is standard in ecology (Gaston 1994) , but suffers from subjectivity because the exercise lacks repeatability among observers and assemblages. Such inadequacy points to the need for the greater development of methods to identify and assess rarity, understanding that one quantitative measure or test may not capture all aspects of rarity.
That rare species are disproportionately affected by loss and fragmentation of habitat has been reported for other assemblages of invertebrates (Didham et al. 1998 , Golden & Crist 1999 . Invertebrates with pelagic larval dispersal (e.g. polychaetes & echinoderms) are proposed to have better dispersive capabilities than do those with brooding or direct development (e.g. crustaceans) (Christie et al. 1998 ). These predictions were not supported because numbers of species in all major groups (polychaetes, bryozoans, crustaceans and echinoderms) was not different among various levels of modification of habitat. Furthermore, rare species are present in all these major groups. Loss of rare species due to modification of habitat might be expected from predictions of small populations (Wilcox 1980 , Tilman et al. 1994 ). Yet it is unknown whether the abundance and distribution of species is related to other characteristics thought to infer greater susceptibility to fragmentation, such as large body-size, speciality for habitat, low reproductive and dispersal capacity (Gaston 1994 , Tilman et al. 1994 ). Controversy exists not only over whether these traits increase susceptibility to extinction, but whether traits of rare species (if any) make them more prone to extinction than is the case for common species (Terborgh & Winter 1980 , Wilcox 1980 , Kunin & Gaston 1993 .
Our results indicate that identifying rarity within habitats may be a crucial component of understanding the effects of fragmentation on biodiversity. Unfortunately, it is common practice for ecologists to omit rare species from multivariate analyses of assemblage structure (Cao et al. 1998 ) because they seldom affect their outcomes (Gauch 1982). Exclusion of rare species in studies of fragmentation may be desirable for statistical reasons (e.g. Laurance et al. 2001 ), but may lead to unacceptable loss of ecological information. We acknowledge that the choice of whether or not to include rare species is necessarily based on providing appropriate (sensible and logically derived) and adequate (statically exhaustive) tests of a priori hypotheses. There can be no general rule, but we argue that tests about the effects of fragmentation on biodiversity will reasonably require inclusion of all species in analyses if rare species are disproportionately affected by changes to structure of habitat. Currently, there is insufficient information to make generalisations about the vulnerability of rare taxa (Lawton 1995) , but in the absence of such knowledge it would seem prudent to include them in tests of factors influencing biodiversity.
Despite statistical realities that make it difficult to detect the effects of disturbances on rare taxa, it appears that attempts to do so are entirely possible. This is particularly likely to be true in assemblages with larger numbers of taxa (e.g. 81 taxa from 33 families, present study), which tend to have larger proportions of rare taxa (Gaston 1994) . Multivariate measures of similarity have been criticised because they strongly underweight rare species (low numeric values) and overweight abundant species (Cao et al. 1998) , but our results demonstrate that these techniques can be used to identify impacts on rare species by using a variety of analytical procedures.
In conclusion, it is not possible to distinguish between components of habitat fragmentation in many natural systems because of restrictions on the number of habitats, sizes and extent to which they can be isolated. Our study was able to separate the effects of number and proximity of habitats (patches) to assess their interactive effects on biodiversity. Predictions that fragmentation becomes important when the amount of habitat is small (Andrén 1994 , Fahrig 1998 are supported in this study, but we show that the spatial pattern of habitat can compensate for the decrease in diversity associated with loss of habitat per se. At many scales, number and proximity of habitats are not independent, so both measures could provide substantial insights into unravelling the role of isolation of habitat on biodiversity, particularly components of the assemblage that tend to be rare.
